Objective-Diabetes mellitus accelerates proatherogenic and proinflammatory phenotype of vascular smooth muscle cell (VSMC) associated with vascular complications. Evidence shows that microRNAs (miRNAs) play key roles in VSMC functions, but their role under diabetic conditions is unclear. We profiled miRNAs in VSMC from diabetic mice and examined their role in VSMC dysfunction. Approach and Results-High throughput small RNA-sequencing identified 135 differentially expressed miRNAs in VSMC from type 2 diabetic db/db mice (db/dbVSMC) versus nondiabetic db/+ mice. Several of these miRNAs were known to regulate VSMC functions. We further focused on miR-504, because it was highly upregulated in db/dbVSMC, and its function in VSMC is unknown. miR-504 and its host gene Fgf13 were significantly increased in db/dbVSMC and in aortas from db/db mice. Bioinformatics analysis predicted that miR-504 targets including signaling adaptor Grb10 and transcription factor Egr2 could regulate growth factor signaling. We experimentally validated Grb10 and Egr2 as novel targets of miR-504. Overexpression of miR-504 in VSMC inhibited contractile genes and enhanced extracellular signal-regulated kinase 1/2 activation, proliferation, and migration. These effects were blocked by miR-504 inhibitors. Grb10 knockdown mimicked miR-504 functions and increased inflammatory genes. Egr2 knockdown-inhibited antiinflammatory Socs1 and increased proinflammatory genes. Furthermore, high glucose and palmitic acid upregulated miR-504 and inflammatory genes, but downregulated Grb10. Conclusions-Diabetes mellitus misregulates several miRNAs including miR-504 that can promote VSMC dysfunction.
V ascular smooth muscle cells (VSMCs) in the vessel wall have key functions in vascular remodeling in response to injury. [1] [2] [3] Phenotypic switching of VSMC from contractile to synthetic states plays an important role in these processes and the development of vascular diseases such as atherosclerosis and restenosis, [4] [5] [6] which are significantly accelerated in diabetes mellitus. [7] [8] [9] VSMCs contribute to atherosclerotic lesion formation by migration to the sites of injury where they proliferate, produce extracellular matrix, and undergo lipid uptake. 5, 6 VSMCs also produce inflammatory cytokines and adhesion molecules to promote monocyte retention, survival, and differentiation into foam cells, key events in lesion formation, and progression of atherosclerosis. 8, 10 Key pathological factors associated with diabetes mellitus including high glucose (HG), advanced glycation end products, growth factors, and oxidized lipids promote VSMCs dysfunction by enhancing inflammatory gene expression, migration, and proliferation via activation of multiple signal transduction pathways and downstream transcription factors. 5, 7, [11] [12] [13] [14] [15] Recent studies have also identified the role of epigenetic mechanisms and microRNAs (miRNA) in VSMCs dysfunction. [16] [17] [18] However, much less is known about the role of miRNAs in VSMC dysfunction implicated in diabetic vascular disease. miRNAs are small noncoding RNAs (≈22-nucleotides long), which regulate several biological processes by downregulating their target genes via post transcriptional mechanisms. Dysregulation of their expression has been implicated in several pathophysiological conditions including vascular diseases. [18] [19] [20] VSMC-specific deletion of Dicer, an RNase III endonuclease essential for the biogenesis of miRNAs, is associated with internal hemorrhage and defective blood vessels, reduced VSMC proliferation and contractile phenotype, suggesting important functions for miRNAs in VSMC during development. 21 Furthermore, Dicer knockdown in adult mice reduced global miRNA levels and blood pressure suggesting critical role of miRNA in VSMC functions. 21, 22 Recent studies demonstrated that miR-145, miR-21, let-7g, miR-29, miR-221, miR-222, miR-126, miR-132, miR-146a, and miR-155 have roles in VSMC dysfunction associated with atherosclerosis and restenosis. Vascular injury was found to downregulate miR-143/145, but upregulate miR-21, miR-146a, and miR-222 and promote synthetic phenotype. 18, [23] [24] [25] [26] [27] [28] [29] [30] Angiotensin II-induced miR-132 in VSMC, which was associated with increased inflammatory gene expression. 28 Some miRNAs have been implicated in inflammatory and fibrotic gene regulation related to diabetic vascular complications. 31, 32 For example, miR-125b and miR-200 family members are upregulated in VSMC from type 2 diabetic db/db mice (db/ dbVSMC) relative to control db/+ mice (db/+VSMC). These miRNAs could promote an inflammatory phenotype in VSMC via targeting a histone methyl transferase Suv39h1 and a transcription repressor Zeb1, respectively. 33, 34 Changes in other miRNAs including miR-138 under diabetic conditions have been reported, which also regulate proliferation and migration. [35] [36] [37] However, the role of many other miRNAs dysregulated in diabetic VSMC is still unknown.
In this study, we identified several differentially expressed miRNAs in VSMC under diabetic conditions by performing small RNA-sequencing (smRNA-seq) in db/dbVSMC versus db/+ mice (db/+VSMC). We further characterized the function of miR-504, which was upregulated in db/dbVSMC. Our results demonstrated that miR-504 targets Grb10 and Egr2 to dysregulate growth factor signaling and reduce genes associated with contractile phenotype and enhance inflammatory gene expression, proliferation, and migration in VSMC. We also demonstrated upregulation of miR-504 under diabetic conditions in vitro (HG and palmitic acid treatment) in cultured VSMC. These data identified a novel function for miR-504 in VSMC associated with sustained diabetic vascular complications.
Materials and Methods
Detailed Materials and Methods are available in the online-only Data Supplement. Aortic VSMC were isolated from 10 to 12 weeks old type 2 diabetic db/db mice and control db/+ mice (Jackson Laboratories, Bar Harbor, ME) and cultured as described. 12, 33 RNA extraction and gene expression analysis were performed by quantitative real-time polymerase chain reaction (RT-qPCR). 28, 33 Small RNA-seq (smRNAseq) was performed once, with 1 sample per group using Illumina protocols. Reads were aligned to mouse genome (mm10) and differentially expressed miRNAs defined in miRbase (V21) identified as described in Figure I in the online-only Data Supplement. Transient transfection of VSMC, immunoblotting, luciferase assays, cell proliferation, and migration assays were performed as described earlier with some modifications. 28, 33 All the experiments were repeated at least twice with replicates. Statistical analysis of data was performed using Graphpad Prism. Two groups were compared using unpaired Student t tests and multiple groups using One-way ANOVA followed by multiple comparison tests. Statistical significance was detected at P<0.05 level. Results were expressed as Mean±SEM of multiple experiments.
Results

Profiling Diabetes Mellitus-Induced miRNAs in db/dbVSMC
To determine the profiles of diabetes mellitus-induced miR-NAs in VSMC, we performed smRNA-seq of RNA isolated from db/dbVSMC and db/+VSMC ( Figure I in the online-only Data Supplement) on the Illumina platform. Sequencing reads were aligned to mouse genome GRCm38/ mm10 using Novoalign, sequences of mature miRNAs were retrieved using mirBase release 21 and reads were normalized by trimmed-mean of M values (Figure I and Tables I  and II in Table III in the online-only Data Supplement). The top 20 differentially regulated miRNAs are shown in Figure 1C . Validation of some of the differentially expressed miRNAs by RT-qPCR is shown in Figures 1D through 1K. Differentially expressed miRNAs included those with known functions in vascular cells such as phenotypic switching, proliferation, angiogenesis, and inflammation. 18, [23] [24] [25] [26] [27] [28] [29] [30] 38 These results suggest that diabetes mellitus misregulates various miRNA levels in VSMC, which could regulate VSMC functions implicated in accelerated vascular complications. However, the function of many of these miR-NAs in VSMC remains unknown. Interestingly, dysregulated expression of miRNAs persisted in the diabetic VSMC even after in vitro culture for several passages indicating that they may participate in metabolic memory of vascular dysfunction in which deleterious effects of prior hyperglycemic exposure remain sustained long after return to normoglycemia. [39] [40] [41] 
Increased Expression of miR-504 and Its Host Gene Fibroblast Growth Factor 13 (Fgf13) in VSMC and Aortas from db/db Mice
Next, to determine the functional roles of diabetes mellitusinduced miRNAs, we further characterized the expression and function of miR-504, one of the highly upregulated miRNAs in db/dbVSMC ( Figure 1C ). This miRNA was reported to promote tumorigenecity by targeting p53, 42 in VSMC and diabetes mellitus complications is unknown. The gene coding for miR-504 is located in the third intron of the Fgf13 gene on X-chromosome ( Figure 2A ). Therefore, we examined levels of both miR-504 and Fgf13 in VSMC cultured in vitro and in aortas isolated from db/db and db/+ mice. RT-qPCR results showed that levels of both miR-504 and its host gene Fgf13 were significantly upregulated in db/ dbVSMC compared with db/+VSMC ( Figures 2B and 2C ), and also in de-endothelialized aortas from db/db mice relative to db/+ mice ( Figures 2D and 2E ), demonstrating in vivo relevance. These results clearly showed that miR-504 and its host gene Fgf13 are upregulated by diabetes mellitus in VSMC.
Targets of miR-504 Regulate Growth Factor Signaling
Bioinformatics analysis with publicly available target prediction tools such as Targetscan and miRANDA revealed that miR-504 can target growth factor receptors and downstream signaling components. Accordingly, RNA-seq data set obtained from db/dbVSMC and db/+VSMC (full data set not shown) showed that 211 potential targets were downregulated in db/dbVSMC versus db/+VSMC, and several of them were found to be involved in growth factor signaling ( Figure 2F and Table IV in the online-only Data Supplement). Ingenuity pathway analysis revealed that miR-504 target genes could potentially regulate pathways involved in cell growth, inflammation, and cardiovascular functions ( Figure 2G ), supporting the notion that increased miR-504 could promote VSMC dysfunction by altering growth factor signaling and inflammatory responses associated with diabetic vascular complications.
Grb10 and Egr2 are Direct Targets of miR-504
Next, to characterize top candidate targets of miR-504, we transfected db/+VSMC with miR-504 mimic (504M) and negative control mimic (NCM) oligonucleotides. Potential candidate miR-504 target genes were analyzed by RT-qPCR 48 hours post transfection. Transfection of db/+VSMC with 504M significantly increased miR-504 levels ( Figure 3A) 3H ). Previous studies showed that miR-504 targets TP53 in human cells. 42 But, mouse homolog Trp53 was not inhibited because miR-504 binding sites are not conserved in its 3ʹ-untranslated region (UTR). Other targets Cdkn2a and Crtc1 mRNAs that were not inhibited might be regulated at the translational level in VSMC. We further characterized the functions of Grb10 and Egr2 in VSMC, because they play key roles in growth factor signaling and inflammation [43] [44] [45] ; however, their functions in VSMC relevant to diabetes mellitus complications are not well understood. To demonstrate that Grb10 and Egr2 are bona fide targets of miR-504, we cloned the 3ʹ-UTRs of mouse and human Grb10 and mouse Egr2 mRNAs downstream of Renilla luciferase in pSICHECK2 vector, which also expresses firefly luciferase used as an internal control. Cotransfection of these reporter plasmids with 504M or NCM oligonucleotides showed that 504M significantly downregulated activity of luciferase fused with 3ʹUTRs of mouse and human Grb10 (mGrb10 and hGrb10) and mouse Egr2 ( Figure 3I ), but control pSICHECK2 (CHECK) vector was unaffected ( Figure 3I ). Immunoblotting also confirmed downregulation of Grb10 protein in db/+VSMC transfected with 504M versus NCM ( Figure 3J ). Downregulation of Egr2 protein levels could not be verified because of lack of specific antibodies. Next, we tested if inhibition of endogenous miR-504 can increase activity of Grb10 and Egr2 3ʹ-UTRs. Results showed that cotransfection of 3ʹ-UTR reporter plasmids with 504 inhibitor oligonucleotides (504I) significantly increased Grb10 and Egr2 3ʹ-UTR activities relative to control (negative control inhibitor) oligonucleotides ( Figures 3K and 3L) . Similar results were obtained using plasmids expressing miR-504 inhibitors (p504I) versus control plasmid (plasmid negative control inhibitor) expressing scramble sequence ( Figures 3M and 3N ) These results demonstrate that Grb10 and Egr2 are bona fide targets of miR-504 in VSMC.
Grb10 Gene Silencing Inhibits Egr2 Expression and Enhances Inflammatory Gene Expression in VSMC
We next examined the involvement of miR-504 targets in inflammatory gene regulation using gene silencing approaches. We transfected db/+VSMC with 2 siRNA oligonucleotides targeting mouse Grb10 (siGrb10a and siGrb10b) and a control nontargeting siRNA (siNC) and analyzed gene expression 72 hours post transfection. As shown in Figure 4A , siGrb10a and siGrb10b significantly inhibited Grb10 expression compared with siNC transfected cells. Immunoblotting experiments also confirmed downregulation of Grb10 protein by these siRNAs ( Figure 4B ). Furthermore, Grb10 gene silencing significantly upregulated inflammatory genes Il6 and Ccl2 relative to siNC transfected cells ( Figures 4C and  4D) . Interestingly, Grb10 downregulation also inhibited Egr2 expression ( Figure 4E ), suggesting Egr2 may be downstream of Grb10 in VSMC. These results demonstrate that Grb10 signaling negatively regulates inflammatory gene expression by acting as a brake, and its downregulation by miR-504 under diabetic conditions could upregulate inflammatory genes in VSMC.
Egr2 Downregulation Increases Inflammatory Gene Expression in VSMC
Next, we examined the effect of Egr2 downregulation on inflammatory genes by transfecting db/+VSMC with 2 siR-NAs targeting Egr2 (siEgr2a and siEgr2b) or control siNC oligonucleotides. Gene expression analysis showed that siEgr2a and siEgr2b significantly inhibited Egr2 expression in VSMC ( Figure 4F ). Furthermore, Egr2 downregulation led to upregulation of proinflammatory genes Il6, Ccl2, and cyclooxygenase-2 (Ptgs2) in nondiabetic db/+VSMC ( Figures 4G through 4I) . We also examined the mechanisms involved in proinflammatory phenotype conferred by Egr2 gene silencing in VSMC. Previous reports in myeloid cells showed that Egr2 induces suppressor of cytokine signaling-1 (Socs1) and Socs 2, negative regulators of cytokine signaling, to inhibit inflammation. 45, 46 Because our RNAseq data revealed downregulation of Socs1 in db/dbVSMC ( Figure 2F ), we examined its expression after Egr2 gene silencing. RT-qPCR results showed that Egr2 gene silencing significantly downregulated Socs1 expression in db+VSMC ( Figure 4J ) demonstrating that downregulation of Socs family members might be one of the mechanisms involved in increased inflammatory genes via Egr2 downregulation by miR-504 in diabetes mellitus.
Overexpression of miR-504 or Grb10 Gene Silencing Enhances ERK1/2 Activation in VSMC
Next, we determined the role of miR-504 and Grb10 in growth factor signaling in VSMC. We transfected control db/+VSMC with 504M or NCM and 48 hours later treated with plateletderived growth factor (PDGF, 10 ng/mL). At indicated time points, cell lysates were subjected to imunoblotting with phospho-specific antibodies. Results showed that PDGFinduced extracellular signal-regulated kinase 1/2 (ERK1/2) activation was greatly enhanced in db/+VSMC transfected with 504M relative to NCM transfected cells. In contrast, other signaling pathways including PI3K (p85 and Akt phosphorylation) and S6 kinase were not affected ( Figure 5A ). Interestingly, we obtained similar results, ie, enhanced PDGF-induced ERK1/2 activation, after Grb10 gene silencing with siGrb10a or siGrb10b versus siNC in db/+VSMC ( Figure 5H ). These results demonstrate that miR-504 might enhance ERK1/2 activation by targeting Grb10 and thereby impact VSMC growth-related functions.
Regulation of VSMC Dysfunction by miR-504 and Grb10
Next, we examined whether miR-504 overexpression regulates VSMC proliferation, phenotypic switching, and migration as functional outcomes. Results showed that db/+VSMC transfected with 504M showed significantly increased proliferation ( Figure 5B ) and downregulation of contractile phenotype genes including Tagln, Acta2, and Cnn1 versus NCM transfected cells ( Figure 5C ). Furthermore, 504M also significantly enhanced PDGF-induced db/+VSMC migration relative to NCM transfected cells ( Figure 5D ). To further confirm the role of miR-504, we performed cell proliferation Proliferation assays were performed using VSMC transfected with control (NCI) and miR-504 inhibitor (504I) oligonucleotides (E) or plasmids pNCI and p504I expressing scrambled sequences respectively. Results were expressed as fold over 24 hours. (Mean±SEM; *P<0.05 vs 24 hours; n=12). G, Inhibition of migration by miR-504 inhibitors. PDGF-induced migration assays were performed with VSMC transfected with NCI and 504I oligonucleotides. (*P<0.05 vs NCI-control; §P<0.05 vs NCI-PD; n=12). H, Grb10 knockdown-enhanced ERK1/2 activation. db/+VSMC were transfected with Grb10 siRNAs (siGrb10a and siGrb10b) or siNC, 72 hours post transfection cells were stimulated with SD (0) or SD with PDGF (10 ng/mL) and cell lysates were immunoblotted with indicated antibodies. Results shown are representative of 2 separate experiments. I, Grb10 knockdown-inhibited genes associated with contractile phenotype. Expression of indicated genes in siNC-, siGrb10a-, and siGrb10b-transfected VSMC was analyzed by RT-qPCR (Mean±SEM; *P<0.05 vs siNC-Cont; n=5). J, Grb10 gene silencing enhanced PDGF-induced VSMC migration. db/+VSMC were transfected with siGrb10a, siGrb10b, or siNC and 72 hours post transfection migration assays were performed in 96-transwells (quadruplicate wells) with SD medium (Cont) or with PDGF (1 ng/mL). Bar graph shows the fluorescence units (Mean±SEM. *P<0.05 vs siNC-Cont; †P<0.05 vs siNC-PDGF, n=4). 504M indicates miR-504 mimic; db/+VSMC indicates VSMC from db/+ mice; ERK, extracellular signal-regulated kinase; NCI, negative control inhibitor; NCM, negative control mimic; PDGF, platelet-derived growth factor; pNCI, plasmid negative control inhibitor; and VSMC, vascular smooth muscle cells. and migration assays after transfection with 504I and negative control inhibitor oligonucleotides. 504I significantly inhibited VSMC cell proliferation ( Figure 5E ) and PDGFinduced migration ( Figure 5G ). In addition, transfection with plasmids expressing miR-504 inhibitor (p504I) also significantly blocked cell proliferation versus control plasmid negative control inhibitor ( Figure 5F ). Furthermore, Grb10 gene silencing also inhibited contractile genes ( Figure 5I ) and augmented PDGF-induced db/+VSMC migration ( Figure 5J ) but did not significantly affect proliferation (data not shown). These results demonstrate that miR-504 can promote VSMC proliferation, synthetic phenotype and migration, and that Grb10 downregulation is one of the key mechanisms underlying miR-504 mediated VSMC dysfunction.
Regulation of miR-504 Under Diabetic Conditions
We next examined whether miR-504 expression is altered under diabetic conditions in vitro in VSMC. Because, type 2 diabetes mellitus is associated with hyperglycemia and elevated free fatty acids, db/+VSMC were treated with HG (25 mmol/L), palmitic acid (100 μmol/L, PA), a combination of HG + PA, and normal glucose (5.5 mmol/L) as control. RT-qPCR analysis showed that HG and PA alone increased miR-504 levels, whereas combination of HG and PA further augmented miR-504 expression in db/+VSMC relative to normal glucose treated cells ( Figure 6A ). This was associated with downregulation of miR-504 target Grb10 ( Figure 6B ) and upregulation of inflammatory genes Ccl2, Il6, and Ptgs2 (Figures 6D  through 6F ). However, Egr2 was not significantly altered under these conditions ( Figure 6C ). These results demonstrate that key factors associated with diabetes mellitus pathogenesis can induce miR-504 implicated in VSMC dysfunction.
Discussion
In this study, we identified several miRNAs that were differentially expressed under diabetic conditions in VSMC and demonstrated that 1 of the highly induced miRNAs, miR-504, promotes proliferation, migration, and inflammatory gene expression by targeting growth factor signaling. Some of the differentially expressed miRNAs were already known to regulate VSMC functions relevant to phenotypic switch, proliferation, and inflammatory gene regulation via targeting growth factor signaling and key transcription factors. 18, [23] [24] [25] [26] [27] [28] [29] [30] However, their regulation under diabetic conditions was not known. Dysregulation of these miRNAs by diabetes mellitus further supports the important role of miRNAs in vascular diseases. We further characterized the function of miR-504 in VSMC. In mice, miR-504 is located on X-chromosome in the third intron of Fgf13. Our results showed that host gene Fgf13 was also increased in db/dbVSMC, but further studies are needed to determine whether increases in miR-504 are because of altered transcription or post transcriptional mechanisms such as miRNA biogenesis. The only known function of miR-504 is to promote tumorigenesis by targeting tumor suppressor p53 in cancer cells, 42 but its function and targets in VSMC are unknown. MiR-504 does not target p53 in mice because of lack of miR-504 binding sites in its 3ʹ-UTR. We used bioinformatics approaches to identify novel potential targets of miR-504 and found that miR-504 can target several key components of growth factor signaling. Our RNA-seq analysis revealed downregulation of 211 potential miR-504 targets in db/dbVSMC, with many of them related to growth factor signaling ( Figure 2F and Table IV in the online-only Data Supplement). Diabetes mellitus can promote VSMC proliferation, inflammation, and migration via modulation of growth factor-induced signal transduction, 7, 13, [47] [48] [49] [50] [51] [52] but the mechanisms involved remain unclear. Our results showed that increased levels of miR-504 enhanced ERK1/2 activation, VSMC proliferation and migration, and inhibited contractile gene expression in db/+VSMC, all events associated with VSMC dysfunction in atherosclerosis and restenosis. Furthermore, miR-504 inhibitors could block miR-504 mediated inhibition of target gene 3ʹ-UTR activities, VSMC proliferation, and migration. Thus, upregulation of miR-504 under diabetic conditions may be one of the mechanisms involved in augmented growth factor signaling and VSMC dysfunction implicated in vascular diseases.
We demonstrated that Grb10 and Egr2 are 2 bona fide targets of miR-504. Furthermore, we also showed their function related to vascular diseases. Grb10 belongs to a family of adapter proteins Grb7 and Grb14 that regulate growth factor signaling. Grb10 has an N-terminal Pleckstrin homology domain, a C-terminal Src homology 2 domain, and in between a region of ≈50 amino acids known as the BPS (between Pleckstrin homology and Src homology 2) domain. 53 These domains allow it to interact with diverse groups of molecules including growth factor receptors and downstream signaling components. Therefore, Grb10 exhibits diverse effects depending on cell types and growth factors tested. [53] [54] [55] [56] [57] [58] Recent phosphoproteomic studies identified Grb10 as an mTORC1 substrate and as a negative regulator of insulin signaling. Grb10 knockdown-enhanced growth factor-induced PI3K and ERK1/2 activation and inhibited apoptosis. 59 Further studies established tumor suppressor function of Grb10 and suggested its role in fine tuning growth factor signaling in mammalian cells. 43, [60] [61] [62] [63] But, its role in VSMC proliferation, migration, and inflammatory gene regulation has not been previously examined. Our data demonstrate that Grb10 knockdown with siRNAs or by 504M enhances PDGF-induced ERK1/2 activation. Furthermore, Grb10 knockdown increased expression of inflammatory genes Ccl2 and Il6, which promote proatherogenic phenotype of VSMC. Grb10 gene silencing also enhanced VSMC migration and inhibited Egr2 as well as contractile gene expression, effects similar to miR-504 overexpression. These results indicate that Grb10 is a key downstream mediator of miR-504 functions in VSMC. Activation of ERK1/2 by growth factors is an important event in the inhibition of contractile genes to promote synthetic phenotype and increase proinflammatory gene expression, proliferation and migration in VSMC. 64, 65 Previous studies showed that ERK1/2 activation is enhanced in db/dbVSMC and VSMC cultured under diabetic conditions, 12,66,67 but the molecular mechanisms were unclear. Here, we show that Grb10 downregulation by miR-504 could enhance ERK1/2 activation, thus illustrating a novel mechanism involved in enhanced growth factor signaling and ERK1/2 activation under diabetic conditions leading to VSMC dysfunction.
Egr2 (Krox-20) is a C(2)H(2)-type zinc-finger transcription factor and plays an important role in hindbrain development, monocyte and macrophage differentiation. [68] [69] [70] [71] Egr2 is regulated by growth factors 72 and exhibits antiproliferative effects in cancer cells. 44 Furthermore, in myeloid cells Egr2 mediates anti-inflammatory effects via upregulation of Socs1 and Socs2 genes. 45 However, the function of Egr2 in VSMC has not been evaluated. Our RNA-seq data showed downregulation of Egr2 in db/dbVSMC, which exhibit a proinflammatory phenotype. Furthermore, we demonstrated that Egr2 was a direct target of miR-504 and its inhibition reduced anti-inflammatory Socs1 and increased expression of several proinflammatory genes, supporting an anti-inflammatory function of Egr2 in VSMC. Egr2 gene silencing, however, had no effect on contractile gene expression. Thus, inhibition of Egr2 by miR-504 in diabetes mellitus might enhance inflammation in VSMC. Together these data establish proatherogenic and proinflammatory functions of miR-504 in VSMC via downregulation of key signaling adapters and transcription factors in diabetes mellitus ( Figure 6G) .
We further demonstrated that HG, PA, and a combination of HG and PA, major pathological factors in diabetes mellitus, could increase miR-504 and downregulate Grb10 in VSMC. This was accompanied by increases in inflammatory genes, further supporting the involvement of miR-504 in diabetes mellitus-induced VSMC dysfunction. Palmitate was reported to modulate VSMC phenotype by inhibiting contractile genes and increasing inflammatory genes. 73 Our results suggest that palmitate-induced miR-504 might play a role in these events.
Epigenetic mechanisms and noncoding RNAs have been implicated in the phenomenon of metabolic memory, in which prior periods of exposure to hyperglycemia leads to sustained long-term vascular complications despite subsequent glycemic control. 32, 39 Previous studies showed that the memory of persistently increased levels of inflammatory genes, and VSMC migration and dysfunction under diabetic conditions can be related to variations in epigenetic histone modifications and miRNA dependent mechanisms. 33, 34, 39, 40 Interestingly, increases in miR-504 were observed not only in aortas from db/db mice but also in db/dbVSMC cultured in vitro for several passages relative to db/+VSMC cultured under similar conditions, suggesting that this miRNA may contribute to metabolic memory implicated in sustained diabetic vascular dysfunction. Other differentially expressed miRNAs in db/ dbVSMC may also contribute in a synergistic fashion via changes in the their specific targets. Identifying the mechanisms involved, or targeting miRNAs such as miR-504, could lead to novel therapeutic approaches to attenuate metabolic memory and thereby alleviate diabetes mellitus-induced progression of vascular complications.
